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High water absorption is the main drawback of recycled aggregates which greatly hinders the re-use of
them in concrete production. In this study, bio-deposition treatment, based on bacterially induced CaCO3
precipitation, was applied to improve the quality of the recycled aggregates. Two representative recycled
aggregates, recycled concrete aggregates (CA) and mixed aggregates (MA) were used. The bacterial CaCO3
precipitated on the surface and in the pores of the recycled aggregate worked as a barrier for the
penetration of water, and hence the water absorption of the aggregates can be decreased. Firstly, the
optimal treatment method was determined by screening among spraying and several immersion stra-
tegies. It was found that the two times immersion treatment was the best method. Samples subjected to
this method had a high weight increase (2% for CA and 2.5% for MA) and largest extent of water ab-
sorption decrease (one percentage point drop for CA and two percentage points drop for MA).
Furthermore, The biogenic CaCO3 had a good cohesion and strong bond with the aggregate surface. Very
limited (<0.1%) mass loss occurred on the bio-treated samples while the mass loss of the untreated
aggregates was much higher (0.2% for CA and 0.5% for MA). This indicated that the surface of the ag-
gregates was strengthened by the biogenic CaCO3 as well. After using the bio-treated aggregates, the
compressive strength was increased by 40% for CA concrete and 16% for MA; the water absorption was
decreased by 27% for CA concrete and 20% for MA concrete.
© 2017 Elsevier Ltd. All rights reserved.1. Introduction
Construction and demolition waste (C&DW) is the waste ma-
terials generated by construction, renovation and demolition of
buildings. From the viewpoint of sustainable resource manage-
ment, concrete and demolition waste is sorted and reduced to
applicable sizes. Mostly, the coarse fraction is investigated for
secondary use. One of the most often used applications is as coarse
aggregate. Ossa et al. (2016) made asphalt concrete specimens with
different percentages of recycled aggregates and found that it was
feasible to use construction and demolition waste aggregates up to
20% for paving urban roads. Rodríguez et al. (2016) applied recycled
mixed aggregates in non-structural concrete precast pieces.e).However, around 95% of the aggregates from construction and
demolitionwaste is used in low quality applications (foundations of
roads, rip-rap,…). This is due to the questions raised regarding the
performance of these aggregates. The main issue with recycled
aggregates designated for concrete applications, is the high water
absorption. This is because the recycled aggregates often contain
ﬁrmly adhering hardened cement mortar which has a higher
porosity and water absorption and lower strength than that of
normal natural aggregates (Shi et al., 2016). When concrete is
produced, the aggregates are in a water-rich environment. Because
of the high water absorption, a certain amount of water will
unwantedly be removed from the mixture and additional mixing
water will be needed to restore the workability. In this way, the
recycled aggregates can have undesired inﬂuences on the proper-
ties and the quality of the concrete. Kou et al. (2011) found that the
compressive strength (28d) of recycled aggregate concrete was
decreased by around 20% even after full immersion water curing.
Table 1
Particle densities of different aggregates.
ra (kg/m3) rrd (kg/m3) rssd (kg/m3)
CA 2660 2350 2460
MA 2480 2120 2270
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properties of fresh and hardened concrete was given in Rao et al.
(2007). The main conclusion was that using recycled aggregates
accordingly decreased the properties of fresh and hardened con-
crete depending on the replacing ratio. This was attributed to the
fact that the recycled aggregates had a much higher water ab-
sorption (3e12%) than that of the natural aggregates (0.5e1%).
Spaeth and Djerbi Tegguer (2014) also found that recycled aggre-
gates absorbed 6 times more water than natural aggregates.
Therefore, the focus of the current study is to improve the quality of
the recycled aggregates, more speciﬁcally, to decrease the water
absorption in the ﬁrst step.
Currently, twomain strategies are used to improve the quality of
recycled aggregates. One is to remove the mortar layer, which can
be realized by mechanical grinding (Gjorv and Sakai, 1999;
Montgomery, 1998), heat grinding (Ma et al., 2009; Tateyashiki
et al., 2001), soaking in acid (Tam et al., 2007), etc. However, dur-
ing the removal process, the recycled aggregates could be further
damaged by introducing micro-cracks and/or acid corrosion. The
other strategy is to strengthen the adhered mortar, more specif-
ically, to decrease the water absorption (porosity) and increase the
strength. Several methods have been under investigation. One is to
use sodium silicate treatment, which can improve the strength of
the aggregates but with the increased risk of alkali-silica reaction
(Chen et al., 2006). The second way is to use polymer impregnation
to form a water proof coating on the surface of the aggregates,
which is very efﬁcient to reduce the water absorption. Spaeth and
Djerbi Tegguer (2014) found that the water absorption coefﬁcient
of the recycled aggregates was decreased by at least 50% after being
soaked in a series of silicon based polymers. Similarly, Kou and
Poon (2010) reported a water absorption reduction up to 70% by
use of PVA (polyvinyl alcohol) impregnation. However, the
compatibility of the polymer with concrete is always a concern.
Carbonation treatment is another widely usedmethod. The calcium
hydroxide and C-S-H react with CO2 and form CaCO3, which can ﬁll
the pores and voids of cement mortar (Thiery et al., 2007). And
hence the mortar layer has less pores and decreased water ab-
sorption, accompanied with a strengthening effect. Therefore,
carbonation treatment was considered as an efﬁcient and envi-
ronment friendly approach (Shi et al., 2016). However, the time
needed for carbonation treatment is much longer than for other
methods and the efﬁciency is much inﬂuenced by the concentra-
tion of CO2 and the humidity.
In this research, another environment friendly method was
investigated for improving the quality of the recycled aggregates.
This method is based on bacterially induced CaCO3 precipitation in/
on the aggregates, which is known as ‘bio-deposition method’. The
biogenic CaCO3 is regarded as an environmentally friendly and
economical material for civil engineering applications. In addition,
it has a good compatibility with the inorganic materials matrix.
Wong (2015) presented an overview regarding the application of
ureolytic Bacillus strains on cementitious materials, mainly for the
aims of crack repair and surface treatment. So far, the biodeposition
treatment has beenwidely studied for protection and consolidation
of surface of stones and concrete. Rodriguez-Navarro et al. (2003)
found that biodeposition treatment efﬁciently protected and
consolidated porous ornamental limestone due to the fact that the
newly formed calcium carbonate crystals were more resistant than
the grains of the original stone. De Muynck et al. (2011) applied
biodeposition to treat macroporous limestone. Results implied that
the biogenic carbonate precipitation resulted a signiﬁcantly (20-
fold) decreased water absorption rate. Mortar specimens which
were subjected to the biodeposition treatment had a decrease in
gas permeability (De Muynck et al., 2008a), water absorption
(decreased by 65e90%), carbonation rate (decreased by 25e30%)and chloride migration (decreased by 10e40%), accompanied by an
increased freezing and thawing resistance (De Muynck et al.,
2008b). The CaCO3 particles can form a continuous water-proof
layer on the surface and ﬁll the pores, working as a barrier to
hinder the penetration of water and other corrosive substances. The
dense surface layer and decreased permeability thus result in an
improved durability. Inspired by the successful application in sur-
face protection, biodeposition treatment has recently been inves-
tigated for improving the properties of recycled aggregates. Grabiec
et al. (2012) demonstrated the feasibility of using a biodeposition
treatment to modify surface properties of recycled concrete ag-
gregates. More detailed investigations on the factors which affect
microbial carbonate precipitation on recycled aggregates were
presented by Qiu et al. (2014). In both research, the biogenic CaCO3
particles were formed on the aggregates surface and/or inside the
pores. Therefore, in this study, the quality of the recycled aggre-
gates, and more speciﬁcally, water absorption, was expected to be
modiﬁed by the biogenic CaCO3.
With given conditions, most bacteria can induce the precipita-
tion of CaCO3 (Boquet et al., 1973). In current study, an alkali
tolerant carbonate precipitating bacterium, Bacillus sphaericus, was
applied to induce the precipitation of CaCO3. This strain has a high
productivity of carbonate (Wang, 2013), by catalyzing the decom-
position of urea (CO(NH2)2) into ammonium (NH4þ) and carbonate
(CO32-). The latter promotes the bacterial precipitation of CaCO3 in a
calcium rich environment. Through this pathway, biogenic CaCO3
can be formed. This study consisted of twomain parts. The ﬁrst part
focused on the optimization of the bio-deposition treatment pro-
cedure and the aim was to achieve the best efﬁciency to improve
the quality of the recycled aggregates, regarding a decrease of
porosity and water absorption and strengthening of the surface. In
the second part, the recycled aggregates treated by the optimized
bio-deposition were used to make concrete and the basic proper-
ties of concrete were examined. And the aim was to improve the
properties of the concrete made with recycled aggregates by the
deposition treatment. Therefore, a sustainable concrete production
can be realized.2. Materials and methods
2.1. Recycled aggregates
Two types of recycled aggregates were used in this study.
Crushed concrete aggregate (CA) and mixed recycled aggregate
(MA). The MA consisted of crushed concrete, masonry, glass, wood,
etc. Both types were crushed and sieved by AC Materials nv
(Belgium) and a fraction 6.3/20 was used for this research. The
apparent density (ra), the oven-dried density (rrd) and the satu-
rated surface-dried density (rssd) of each kind of aggregates were
determined according to the standard EN 12620 A1 (2009), and are
shown in Table 1.
2.2. Bacterial strain and cultivation
Bacillus sphaericus LMG 22257 (Belgian Coordinated Collection
of Microorganisms, Ghent) was used in this study. Cultures were
obtained after subsequent culturing (two times and 1% inoculum)
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medium consisting of yeast extract (20 g/L) and urea (20 g/L) for
24 h on a shaker (120 rpm, 28 C). The 24 h-old grown culture was
then used for the following bio-deposition treatments on the
recycled aggregates. The concentration of the bacteria in the culture
was around 3  108 cells/mL.
2.3. Bio-deposition treatment on recycled aggregates
Both the grown culture and a deposition medium were needed
for the treatments. The deposition medium consisted of urea
(0.5 M) and Ca-nitrate (0.5 M). In the beginning, two treatment
methods were applied: spraying and immersion. For the spraying
method, the samples of each type of recycled aggregates were
sprayedwith the bacterial culture every 8 h during the ﬁrst day. The
deposition medium was sprayed once between the intervals to
keep the surface of the aggregates wet. Afterwards, spraying of
depositionmediumwas performed every 8 h for another 3 days. For
the immersion method, the aggregates were ﬁrst fully immersed in
the grown culture for 24 h. After that, the aggregates were taken
out and transferred to the deposition medium for another 3 days.
The treatment efﬁciency was compared regarding the increase of
weight and decrease of water absorption of the aggregates
(detailed test method can be seen in 2.4). As a control, samples
were only immersed in the deposition medium for 3 days. It was
found that the immersionmethod was preferable over the spraying
method. The results can be seen in section 3.1. Therefore, further
optimization of the treatment was focused on the immersion
method. The best immersion method was then upscaled for further
concrete production.
In this optimization step, four different immersion treatments
were compared. Immersion treatment A: basic treatment as above
mentioned. Immersion treatment B: the aggregates were fully
submerged in a highly concentrated bacterial suspension, which
was obtained by centrifuging the grown culture (7000 rpm, 7min,
4 C) and resuspending the pellets in NaCl (8.5 g/L). The concen-
tration of the bacteria was around 109 cells/mL, which was three
times that in the grown culture. After 24 h submersion, the ag-
gregates were taken out and transferred to the same deposition
medium. Immersion treatment C: the treatment steps were the
same as in treatment A. The only difference was that the deposition
medium contained yeast extract (5 g/L). Immersion treatment D
consisted of two times treatment A.
Three replicates (around 200 g recycled aggregates per repli-
cate) were used for each treatment. All treatments were performed
in an air-conditioned room with a temperature of 20 ± 1 C and a
relative humidity of 60%.
2.4. Effect of bio-deposition treatment
The treatment efﬁciency was evaluated for the aspects of the
weight increase, decrease of water absorption, adhesion with ag-
gregates after the treatment. The adhesion was indicated by the
resistance to ultrasonic pulse and the resistance to wear and
fragmentation.
2.4.1. Weight increase
Before the treatment, the aggregates were ﬁrst dried in an oven
at 75 C until a constant mass was obtained (M1, weight change less
than 1% in 24 h interval). After each kind of treatment procedure,
the aggregates subjected to immersion treatments were ﬁrst taken
out from the deposition medium and were rinsed under tap water
to remove loose particles, while the ones subjected to spray
treatments were directly rinsed under tap water. Subsequently,
they were dried again in the same oven till a stable weight wasachieved (M2). The weight increase was then calculated (Eq. (1)).
Dm ¼ M2 M1
M1
 100% (1)
where:
Dm ¼ weight increase after the treatment (%);
M1 ¼ dry weight of the aggregates before the treatment (g);
M2 ¼ dry weight of the aggregates after the treatment (g);
2.4.2. Water absorption
Similarly, a water absorption test was performed before and
after the treatment. The oven dried aggregates were fully sub-
merged in water for 24 h and then were taken out from the
container. The surface water was removed by a dry cloth. Therefore,
the saturated-surface dry weight was obtained. The water ab-
sorption after 24 h before and after the treatment was determined
by the equations (2) and (3).
WA24; before ¼
M3 M1
M1
 100% (2)
WA24; after ¼
M4 M2
M2
 100% (3)
where:WA24,before ¼ water absorption before the treatment (%);
WA24,after ¼ water absorption after the treatment (%);
M3 ¼ saturated surface dry weight of the aggregates before the
treatment (g);
M4 ¼ saturated surface dry weight of the aggregates after the
treatment (g);
2.4.3. Resistance to ultrasonic pulse
The oven-dried treated recycled aggregates were subjected to
an ultrasonic pulse test to examine the cohesion between the
precipitation and the aggregate surface. Samples (around 70 g)
were placed on a 1 mm sieve and were immersed in demineralized
water in a container of an ultrasonic bath (Haver USC 200-76). The
sonication pulse was applied for 5 min at a frequency of 46 kHz to
the samples. Afterwards, the aggregates were collected and dried in
the oven at 75 C until constant mass was obtained (less than 1%
variation within 24 h). The weight loss of the treated aggregates
after sonication was obtained by equation (4).
Vm ¼ M5 M6
M5
 100% (4)
where:
Vm ¼ weight loss after sonication attack (%);
M5 ¼ dry weight of aggregates before sonication attack (g);
M6 ¼ dry weight of aggregates after sonication attack (g);2.4.4. Effect on pore properties
The porosity and pore size distribution of the recycled aggre-
gates, before and after the bio-deposition treatments, were char-
acterized by use of mercury intrusion porosimetry (MIP, PASCAL
140 þ 440 Series, Thermo Fisher Scientiﬁc). The freeze-dried
samples with diameter less than 10 mm were added to the dila-
tometer (sample container), which was then put in the MIP in-
strument 1 (PASCAL 140 series) in which a pressure from 0 to
200 kPa was applied. Afterwards, the dilatometer was moved to
Table 2
The composition of different concrete mixtures.
NAC CAC/U MAC/U CAC/T MAC/T
CEM III/A 42.5LA [kg/m3] 320 320 320 320 320
Water [kg/m3] 165 200 215 200 204
Sand 0/4 [kg/m3] 722 699 659 699 659
Limestone 4/6 [kg/m3] 456 448 412 448 412
Limestone 6/20 [kg/m3] 786 e e e e
CA 6/20 [kg/m3] e 805 e 805 e
MA 6/20 [kg/m3] e e 820 e 820
Superplasticizer [kg/m3] 2.2 3.8 1.9 4.4 1.9
NAC, CAC/U, MAC/U, CAC/T andMAC/Tmeans concretemadewith normal limestone
aggregates, untreated CA, untreated MA, treated CA and treated MA, respectively.
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from 0.1 MPa to 400 MPa was applied, following the process of
intrusion and extrusion of mercury. Pore properties with respect to
porosity and pore size distribution of the samples were therefore
obtained.
2.4.5. Resistance to fragmentation
The resistance to fragmentation was characterized by the Los
Angeles coefﬁcient (LA). The test was performed according to NBN
EN 1097-2 (2010). The aperture size of the sieves used was 1.6 mm,
10 mm, 12.5 mm and 14 mm. Samples of 5000 ± 5 g were used for
the LA test. The LA values were determined according to the
equation (5).
LA ¼ 5000m
50
(5)
where:
LA ¼ Los Angeles coefﬁcient, the percentage of the sample
passing a 1.6 mm sieve (%);
m ¼ oven-dried mass of the fraction retained on the 1.6 mm
sieve (g);
2.4.6. Characterization of the biogenic precipitation
The morphology of the precipitates on the surface of the ag-
gregates was investigated by use of a scanning electron microscope
(SEM, JEOL JSM-7600F). The dry samples were ﬁrst coated with a
carbon layer before the examination. In addition, an energy
dispersive spectroscopy (EDS, OXFORD X-Max) measurement was
acquired in between to verify the chemical composition of the
particles on the aggregate surface.
2.5. Concrete production
The composition of the concrete mixtures was based on the
optimal grain size distribution determined by equation (6), which is
based on the distance in between the aggregates minimally
required to enable all grains to reside in their ideal location. Thus
the maximum achievable ﬁlling ratio is obtained (Belgische
Betongroepering, 2009).
Y ¼
ﬃﬃﬃ
d
D
r
(6)
where:
d ¼ mesh width of a random sieve (mm);
D ¼ maximum grain size of the aggregates (mm);
Y¼ cumulated fraction passing through a sievewithmeshwidth
d (%)
The recycled aggregates (CA and MA) with the best bio-
deposition treatment applied were then used for concrete making
(CAC/T and MAC/T). In order to examine the effect of the treatment,
concrete was also made with untreated CA and MA as controls
(CAC/U and MAC/U). In addition, a natural limestone aggregate was
used to make a normal concrete as an extra reference (NAC). The
overview of the concrete composition for each mixture is shown in
Table 2. The concrete met the criteria for environmental class EE3
(NBN B 15-001, 2012). The minimal cement content for this class is
320 kg/m3 and maximum w/c ratio is 0.5.
Each concrete mixture had the same water to cement ratio of
0.5. The water available for cement reactions was 160 kg/m3. In
addition, extra water was used to pre-wet all coarse 6/20aggregates before mixing, including limestone and recycled (un-
treated and treated) aggregates, before mixing. Therefore, the wa-
ter amount shown in Table 1 is the total amount used. All concrete
mixtures were produced in the same way. The mixing and casting
were performed according to NBN EN 12390-2 (2009). For each
mixture, a minimum slump class S3 (100e150 mm) was achieved
by using a superplasticizer (ViscoCrete®-1068, Sika NV). The con-
sistency was then tested by a standard ﬂow test following NBN EN
12350-5 (2009). For each type of concrete, four cubes
(150  150  150 mm3) were made. The specimens were
demoulded 24 h after casting and thenwere stored in a moist room
with a temperature of 20 ± 2 C and a relative humidity higher than
95% for 14 days.2.5.1. Saturated water absorption
After 14 days storage in the moist room, the specimens were
fully submerged in water for 7 days. Subsequently, the saturated
mass of the concrete was determined according to NBN B 15-215.
The cubes were then dried in an oven at 105 C for another 7 days
until a constant weight was achieved, to determine the dry weight
of the concrete. The saturated water absorption by submersion can
be calculated with the following equation (7).
WAs ¼ m2 m1m1
 100% (7)
where:
WAS ¼ saturated water absorption of concrete by submersion
(%);
m1 ¼ oven-dried weight of concrete (g);
m2 ¼ saturated weight of concrete (g);2.5.2. Modulus of elasticity
The modulus of elasticity of the concrete cubes was determined
by ultrasonic measurement (Macben tester 0e4500 ms) according
to NBN EN 12504-4 (2004). The time needed for an ultrasonic wave
to pass through the concrete was measured and hence the velocity
of ultrasonic wave could be calculated. The modulus of elasticity
was calculated by equation (8) (Olympus, sd).
E ¼ rð1 vÞð1 2vÞ
1 v  V
2 (8)
where:
E ¼ modulus of elasticity (N/m2);
V ¼ velocity of ultrasonic wave (m/s);
r ¼ density of concrete (kg/m3);
v ¼ Poisson's ratio, assumed to be 0.2 in this case (Afsar, 2012)
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The compressive strength of the concrete was determined after
the ultrasonic measurements. The test was performed according to
NBN EN 12390-3 (2009).
3. Results
3.1. Efﬁciency of bio-deposition treatments
The treatment efﬁciency was directly evaluated by the increase
of weight and decrease of water absorption after the treatment. The
weight increase was due to the formed bio-precipitation on the
aggregates. It can be seen that all bio-deposition treatments
resulted in a decrease in water absorption and a weight increase.
The efﬁciency varied among different treatment strategies. The
treatments by means of immersion were superior to those by
spraying. As shown in Fig.1, the CA samples subjected to immersion
had a weight increase of around 0.8%. All three replicates showed
similar decrease of water absorption (from 5% to 4.5% and from 5.5%
to 5%). For the ones subjected to the spraying treatment, the weight
increase was in the range of 0.1e0.5% and two of the three repli-
cates showed almost no decrease of water absorption. Similar re-
sults can be seen for the MA samples. The samples which were only
subjected to the depositionmediumwithout bacteria also showed a
slight weight increase (0e0.5%). However, the decrease in water
absorption was very limited and can be ignored. The weight in-
crease could be due to the residues of the salts from the deposition
medium. It was noted that MA samples hadmuchmoreweight gain
(1.2e1.5%) than the CA samples (0.8%) during the immersion.
Applying higher concentration of bacteria (Immersion method
B) resulted in an improved weight increase in MA samples (from
1.5% to 2.5%), while this improvement was not seen in CA samples
(Fig. 2). The decrease of water absorption was not improved
accordingly in MA samples. Instead, the water absorption of both
CA and MA did not show signiﬁcant decrease. Supplement of yeast
extract to the deposition medium (Immersion method C) had a
positive effect on the formation of biogenic precipitates. Theweight
was greatly increased by 1.9e2.4% for CA samples and 3e3.3% for
MA samples. Enhanced decrease of water absorption was observed
in MA samples; the average decrease was around 1% (from 6.5%,
7.8%, 7%e5.5%, 7%e6%, respectively for the 3 replicates). However,
this enhancementwas not observed in CA samples. On the contrary,
the water absorption was decreased by less than 0.1%. By applying
the basic immersion treatment two times (Immersion D), the efﬁ-
ciency regarding weight gain and decrease of water absorptionwas
greatly enhanced in both materials. The weight was increased by0
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Fig. 1. Water absorption and weight increase of CA (a) and MA (b) aftearound 2% for CA and 2.5% forMA. The CA samples had a decrease of
around 1% in water absorption, which was doubled compared to
that of the basic immersion (Immersion A). The MA had a decrease
around 1.5e2%, which was tripled compared to one time immer-
sion treatment. Therefore, it can be concluded that two times im-
mersion was the best strategy for bio-deposition treatment.
The mass loss of the treated aggregates after sonication attack is
shown in Fig. 3. Theweight increase by biodeposition is also plotted
in the ﬁgure for comparison. The weight loss occurred because the
weakly bonded particles were released from the aggregates during
the sonication attack. For CA samples (Fig. 3a), the largest mass loss
occurred in the samples subjected to the immersion treatments B
and C and the untreated ones, around 0.2e0.3%. Samples subjected
to two times' immersion almost had no mass loss. For MA samples,
similarly, samples treated by immersion A and D showed the lowest
weight loss (<0.1%). Untreated MA showed most mass loss (0.5%).
Meanwhile, considerable weight loss also occurred in the samples
treated by immersion B and C, which was around 0.4% and 0.2%,
respectively. The resistance to sonication attack indicated the
cohesion within the precipitated particles and the bond between
the precipitates and the aggregates surface. Least amount of mass
loss implied highest cohesion and bond. Therefore, it can be seen
that the biogenic precipitates formed on the samples subjected to
the two times immersion treatment had the highest cohesion and
bond with the aggregates.
Overall, it can be concluded that the optimal bio-deposition
treatment was the double immersion (immersion D), in which
the largest decrease of water absorption and the strongest adher-
ence of precipitates were achieved. Hence, this method was
selected to treat CA and MA in large quantities for concrete
production.
The effect of the bio-deposition treatment (immersion D) on the
resistance of the recycled aggregates to fragmentation is shown in
Fig. 4. Natural limestone aggregates had a much lower LA-
coefﬁcient than the recycled ones. The untreated CA (CA/U) and
MA (MA/U) had a LA-coefﬁcient of 30% and 40%, respectively. While
the limestone (NA) only had a LA-value of 17%. This indicated that
the natural aggregates had a much higher resistance to fragmen-
tation. MA had the lowest resistance. After the bio-deposition
treatment, a decrease in LA-value was observed. MA samples
showed more decrease (4%) than CA samples (only 1%). The results
implied that the bio-deposition treatment increased the resistance
to fragmentation of the recycled aggregates.
Remarkable decrease of porosity after the treatment was only
observed in MA samples, from 15% to 10% (Fig. 5). Most of the pores
in untreated MA samples were around 0.5 mm and 1 mm, as shown0
0.5
1
1.5
2
0
2
4
6
8
W
eig
ht
 in
cr
ea
se
 (%
)
W
at
er
 a
bs
or
pt
io
n (
%
)
WA24 before WA24 after Weight increase
Ctrl                 Immersion             Spray
b)
r bio-deposition treatment by means of immersion and spraying.
01
2
3
4
5
0
2
4
6
8
W
eig
ht
 in
cr
ea
se
 (%
)
W
at
er
 a
bs
or
pt
io
n (
%
)
WA24 before WA24 after Weight increase
Immersion A   Immersion B   Immersion C    Immersion D
(a)
0
1
2
3
4
5
0
2
4
6
8
W
eig
ht
 in
cr
ea
se
 (%
)
W
at
er
 a
bs
or
pt
io
n (
%
)
WA24 before WA24 after Weight increase
Immersion A   Immersion B   Immersion C   Immersion D
(b)
Fig. 2. Water absorption and weight increase of CA (a) and MA (b) after bio-deposition treatment by means of different immersion strategies.
0
1
2
3
W
eig
ht
 in
cr
ea
se
 o
r l
os
s (
%
)
Weight loss Weight increase
Untreated CA Immersion A Immersion B   Immersion C Immersion D
(a)
0
1
2
3
W
eig
ht
 in
cr
ea
se
 o
r l
os
s (
%
)
Weight loss Weight increase
Untreated MA Immersion A   Immersion B   Immersion C  Immersion D
(b)
Fig. 3. Weight loss by sonication versus weight increase by biodeposition of untreated and treated CA (a) and MA (b).
17
30 29
40
36
0
10
20
30
40
50
NA CA/U CA/T MA/U MA/T
LA
 -
co
ef
fic
ien
t (
%
)
LA-value
Fig. 4. LA-coefﬁcient of normal aggregates (NA), treated and untreated CA and MA.
0
5
10
15
20
0
20
40
60
80
CA/U CA/T MA/U MA/T
Po
ro
sit
y 
(%
)
To
ta
l p
or
e v
ol
um
e 
(m
m
3 /g
)
Pore volume Porosity
Fig. 5. Porosity changes of CA and MA after the bio-treatment.
J. Wang et al. / Journal of Cleaner Production 156 (2017) 355e366360in Fig. 6b. After the treatment, the amount of the large pores was
decreased and more smaller pores appeared (0.01e0.1 mm). The
porosity and pore size of CA samples was much smaller than that of
MA samples. The porosity of MA samples was around 7e8% and no
signiﬁcant decrease was observed after the treatment. Most of the
pores were around 0.03 mm and 0.8 mm in untreated CA samples
(Fig. 6a). After the treatment, the big pores were slightly decreased
from0.8 mm to around 0.5 mmand the small pores were still there. It
can be seen that the bio-deposition treatment had more effect on
the materials which have higher porosity with large pores (such as
MA) and had limited inﬂuence on the materials with small pores
(such as CA).3.2. Characterization of the precipitation
After one time immersion treatment (Immersion method A),
small particles were formed on the surface of the CA sample
(Fig. 7b). The size of the particles was around 5e10 mm with
irregular shapes (Fig. 7c). It can be seen that the surface was not yet
fully covered by the precipitates after ﬁrst treatment. After two
times immersion treatment (Immersion D), the surface was fully
covered with dense particles, as shown in Fig. 7d. The particles size
was much larger (around 20e50 mm) with spherical and hexagonal
shapes. Bacterial imprints can be clearly seen on the particles
(Fig. 7e). The chemical composition of the particles was calcium
05
10
15
20
0.001 0.010 0.100 1.000 10.000
dV
/d
lo
g(
D
) [
m
m
3 /n
m
]
Pore diameter [μm]
CA/U CA/T(a)
0
20
40
60
80
0.001 0.010 0.100 1.000 10.000
dV
/d
lo
g(
D
) [
m
m
3 /n
m
]
Pore diameter [μm]
MA/U MA/T(b)
Fig. 6. Pore size distribution of untreated and treated CA (a) and MA (b).
Fig. 7. SEM images of untreated and treated CA sample (a: untreated CA surface; b and c: one time immersion treated CA surface at 200 and 1000 magniﬁcation; d and e: two
times timmersion treated CA surface at 200 and 1000magniﬁcation; f: EDS spectra of the particles in the red rectangle in d). (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
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The surface of untreated MA samples was relatively smooth
compared to that of the treated ones (Fig. 8a). Large numbers of
precipitates were already formed on the surface of MA samples
after the ﬁrst treatment (Fig. 8b). The particle size was around
10e20 mm without uniform shapes. Similarly to the CA samples,
after two times immersion treatment (Immersion D), the MA sur-
face was fully covered with dense and large particles, as shown in
Fig. 8d. The size of the particles was around 20e50 mm with
different irregular shapes. There were bacterial imprints on the
particle surface, indicating the involvement of bacteria during
precipitation. The EDS analysis implied that the precipitates were
calcium carbonate (Fig. 8f).
Ultrasonic attack indeed caused limited loss of particles; most of
the particles still remained on the surface of the aggregates, as
shown in Figs. 9 and 10. The precipitates had a strong cohesionwith
each other and a good bond with the aggregate surface.3.3. Concrete properties
The consistency of the mixtures was in the same range, as
shown in Fig. 11. The ﬂow of the normal aggregates concrete (NAC)
was 48 cm. Concrete made with untreated and treated MA had a
ﬂow of 46 cm and 41 cm, respectively. The one made with CA had a
ﬂow in the range of 38 cme43 cm. Overall, the recycled aggregates
concrete had similar workability as the normal aggregates concrete.
The mass density of the concrete made with different kinds of
aggregates is shown in Fig. 12a. The concrete made with untreated
recycled aggregates had amuch lower density (2250 kg/m3 for CAC/
U and 2140 kg/m3 for MAC/U) than that of the one made with
normal aggregates (2350 kg/m3). However, distinct increase was
observed in the concrete made with treated CA. The mass density
was increased from 2250 to 2330 kg/m3, close to the value of NAC.
Slight increment was also noticed inMAC/T, but not as signiﬁcant as
CAC/T.
Fig. 8. SEM images of untreated and treated MA sample (a: untreated MA surface; b and c: one time immersion treated MA surface at 200 and 1000magniﬁcation; d and e: two
times timmersion treated MA surface at 200 and 1000 magniﬁcation; f: EDS spectra of the particles in the red rectangle in d). (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 9. Two times immersion treated CA sample before (a) and after (b) the sonication attack.
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recycled aggregates was signiﬁcantly higher (5.1% for CAC/U and
6.7% for MAC/U) than that made with normal aggregates (3.8%), as
shown in Fig. 12b. Nevertheless, concrete made with treated ag-
gregates showed a considerable decrease in water absorption. CAC/
T had very similar water absorption to NAC. Water absorption of
MAC/T was decreased by 20% (around 5.4%) in comparison with
MAC/U.
The E-modulus for NAC was 40.6 GPa. While for the concrete
with untreated recycled aggregates, the E-modulus was only
33.2 GPa for CAC/U and 27.8 GPa for MAC/U (Fig. 12c). This corre-
sponded with a decrease of 18% and 32%. However, concrete made
with treated aggregates showed remarkable increase in E-modulusvalues, which was 44.1 GPa for CAC/T and 35.4 GPa for MAC/T,
corresponding to an increase of 33% (CAC) and 27% (MAC). CAC/T
even had a slightly higher E-modulus value than that of NAC.
The concrete made with untreated recycled aggregates had a
compressive strength of around 54 MPa for CAC/U and 44 MPa for
MAC/U, whichwas 11% and 28% lower than that of NAC (61MPa). By
use of the bio-treated aggregates, the strength was signiﬁcantly
increased to 76 MPa (CAC/T) and 51 MPa (MAC/T). The compressive
strength of CAC/T was about 20% higher than that of NAC (Fig. 12d).
Overall, it can be concluded that concrete made with bio-
deposition treated aggregates showed a great improvement in
concrete properties compared to the one made with untreated
aggregates.
Fig. 10. Two times immersion treated MA sample before (a) and after (b) the sonication attack.
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The decrease of water absorption after the bio-deposition
treatment was due to the precipitated CaCO3, which covered
(part of) the surface area and/or plugged the pores of the aggre-
gates, and acted as a barrier for the penetration of water or other
substances. In this way, the quality of the recycled aggregates was
improved since their main drawback was the high water absorp-
tion. Therefore, the treatment efﬁciency was mainly evaluated by
the decrease of the water absorption after the bio-treatment.
It can be seen that the extent of decrease of water absorption
was related to the amount of the biogenic-CaCO3, but not propor-
tional to it. Almost no decrease of water absorption was observed
when the weight increase was less than 0.5% (see the controls and
the samples subjected to the spray treatment, Fig. 1). With an
improved amount of precipitation from the immersion method0
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sorption was achieved. However, the decrease of water absorption
was not proportional to the amount of precipitation. As shown in
Fig. 2a, similar amount of weight increase was obtained in CA
samples by use of the immersion method A and B; but more water
absorption decrease occurred in the samples subjected to immer-
sion A. CA samples subjected to immersion C had doubled amount
of weight increase compared to that of immersion A, yet very
limited decrease inwater absorptionwas obtained. Similarly forMA
samples (Fig. 2b), samples subjected to immersion B had much
more weight increase than by immersion A. However, more
decrease in water absorption was seen in the samples from im-
mersion A. While with same amount of weight increase as im-
mersion B, the largest decrease inwater absorptionwas achieved in
the samples from immersion D. Therefore, in order to obtain an
efﬁcient water absorption decrease, the precipitated particles need
to sufﬁciently cover the surface area of the aggregates, and ﬁll the
surface pores as well. Both the quantity and the distribution of the
biogenic CaCO3 are equally important to achieve a good treatment
efﬁciency.
The biogenic CaCO3 was induced by bacteria. Bacterial urease
catalyzed the decomposition of urea (in the deposition medium)
into ammonium/ammonia and carbonate ions. The carbonate ions
meet with the calcium ions and CaCO3 can be formed. Therefore,
the quantity of CaCO3 precipitation was affected by the concen-
trations of bacteria, urea and Ca2þ. In this research, the concen-
tration of urea and Ca2þ in the deposition medium was ﬁxed to be
0.5 M, which was found to be the optimal concentration in a pre-
vious study (Wang et al., 2010). In order to bring more bacteria into
the aggregates, high concentration of bacteria (109 cells/mL) was
ﬁrstly applied (immersion method B), which resulted in almost
doubled weight increase compared to that of immersion A
(3  108 cells/mL) on MA samples. Yeast extract is the nutrient for
bacterial growth. Supplement of yeast extract into the deposition
medium can facilitate the further propagation of the bacteria which
have been absorbed in/on the aggregates surface), hence the
amount of precipitation can also be greatly increased by use of
immersionmethod C. The improved CaCO3 precipitation resulted in
a signiﬁcant decrease of water absorption in MA materials but not
in CA materials (Fig. 2a and b). Also, it was noticed that CA samples
subjected to the same immersion B did not achieve the same
remarkable weight increase as that of MA samples. Though with
the same treatment method, different efﬁciency was obtained in CA
and MA materials. This was attributed to the difference in the pore
properties of the materials. According to the water absorption of
untreated CA andMA, andMIP results, it was revealed that CA had a
much lower porosity and smaller pores than MA materials. Most of
the pores in CA materials were less than 1 mm. The bacterial cells
had a rod-shapewith length of 1e2 mmand diameter of 0.1e0.2 mm.
MA materials have more pores around 1 mm. During the submer-
sion in the bacterial suspension, bacterial cells were apt to move to
the surface of the aggregates, stay there and/or penetrate inside the
pores. Large pores are more easier for the penetration of bacteria. If
the pores were too small, bacteria mainly attached on the surface
and it was not possible to penetrate inside. Therefore, evenwith an
increased bacterial concentration, the amount of bacterial cells
absorbed on the CA samples was not increased accordingly. And
hence, the amount of biogenic precipitation was not signiﬁcantly
increased. Due to a high porosity with large pores, MAmaterials are
more easy to be colonized by bacteria. More bacteria can be
absorbed and penetrate inside the material when using a higher
bacterial concentration. Thus an enhancement of weight gain was
observed in MA samples. It was seen that the porosity and pore size
distribution in CA samples was not changed toomuch after the bio-
treatment, which revealed that the decrease of water absorption inCA materials was mainly due to the precipitation on the surface.
While for MA samples, the pore volume and pore size decreased
after the treatment, indicating that the precipitation was not only
on the surface but also inside the pores. And this resulted in a more
remarkable weight increase, water absorption decrease and LA-
value decrease in MA samples. It can be concluded that the bio-
deposition treatment is more efﬁcient on materials with high
porosity and large pores.
The ﬁnal target is to apply the treated aggregates for new con-
crete production. The precipitated CaCO3 particles should remain
ﬁrmly attached to the aggregates during the mixing process.
Therefore, the cohesion of the particles and the bond with aggre-
gates should be strong enough to resist the shear force during
mixing. The ultrasonic attack test could give an indication. It was
noticed that among the treated samples, the highest weight loss
often occurred in the samples subjected to the immersion treat-
ment B, which also had a large weight increase. The cohesion and
adhesion were greatly inﬂuenced by the precipitation rate and the
organics in the submersion solution. High concentration of bacteria
accelerated urea hydrolysis. And hence CaCO3 formed quickly and
accumulated/piled up on the surface. Organics can function as kind
of bio-glue, which contributed to the cohesion of the particles
(Harimawan and Ting, 2016). In immersion method B, bacterial
cells were suspended in the NaCl solution instead of the grown
culture in which much more organics (from the nutrients, bacterial
excretion, etc) were present. Therefore, less organics remained in
the samples in immersion B, resulting in more loss of the particles.
It was noted that the untreated samples had nearly most weight
loss, while immersion A and D treated samples had the least weight
loss. This demonstrated that the surface strength of the samples,
after efﬁcient bio-treatment (immersion A and D), was greatly
improved. This may also explain why the LA-values of the treated
aggregates were lower than the untreated ones. In conclusion,
grown culture with a moderate amount of bacteria was more
preferable than a high concentration of bare cells for bio-deposition
treatment. The most efﬁcient treatment method was the two times
immersion treatment, which provided sufﬁcient amount of CaCO3
precipitation, largest decrease in water absorption and strength-
ened surface of aggregates.
Full submersion is often used for bio-deposition treatment (Qian
et al., 2009; De Muynck et al., 2008a, 2008b) because it is simple
and easy to control with a good efﬁciency. However, from the
perspective of practical application, the spraying method is more
easily applicable. Yet, in this study, no considerable efﬁciency was
obtained for the samples subjected to the spraying bio-treatment.
The total amount of the bacterial culture and the deposition me-
dium used for spraying were almost the same as that for immer-
sion. The limited effect could be due to the low retention of the
bacterial agents on the surface during the spraying. It was noticed
that some of the ﬂuid already ﬂew away during the spraying and
some precipitates formed during a previous spraying treatment
werewashed away during the next spraying. Therefore, the amount
of the precipitates ﬁnally remaining on the aggregates surface was
quite limited. In addition, the bottom surface of the samples could
not be reached by as much bacterial agents as the top surface. And
hence, almost no precipitates were found on the downwards sur-
face. Possible improvement in future research could be realized by
controlling the pressure during spraying and turning over the ag-
gregates in between the intervals to havemore precipitates to cover
the aggregates surface homogenously.
Promising results were seen in the concrete by use of the bio-
treated recycled aggregates. Due to the decreased water absorp-
tion and strengthened surface, concrete made with treated aggre-
gates showed signiﬁcant superiority over the ones made with
untreated recycled aggregates. The strength and E-modulus of the
J. Wang et al. / Journal of Cleaner Production 156 (2017) 355e366 365concrete made with treated CA was even higher than that made
with normal aggregates. E-modulus implies the stiffness of the
material, which is greatly inﬂuenced by the aggregates in the
concrete. In general, recycled aggregates have a lower strength than
normal aggregates, which has been shown by the LA-values.
Therefore, the E-modulus of the concrete made with recycled ag-
gregates was expected to be lower than the one made with normal
aggregates. However, the treated aggregates surface has been
strengthened by the biogenic CaCO3. Meanwhile, it was noticed
that the saturated water absorption of the concrete with treated CA
was almost the same as that with normal aggregates. This indicated
that the overall open porosity in these two concrete matrices were
close to each other. Therefore, the concrete made with treated CA
showed a slightly higher E-modulus and remarkably improved
compressive strength.
It was noticed that the compressive strength of MAC/T was only
slightly improved compared to that of MAC/U, though the quality of
MA/T was improved. The reason is that MA (mixed aggregates) are
rather weak aggregates. These aggregates contain particles other
than crushed concrete such as masonry, ceramics, glass, etc. The
properties of such materials are worse than those of CA (crushed
concrete aggregates). MA have very high porosity and LA-value.
After the bio-deposition treatment (D), the quality was indeed
improved regarding the aspects of decreased porosity and water
absorption, which was due to the fact that the biogenic CaCO3 had
precipitated on the aggregates surface and plugged the pores. But
the bio-deposition treatment remains a surface treatment and
mainly the surface was strengthened. The overall strength of the
whole aggregates was not improved accordingly and the internal
part was still weak. Therefore, the compressive strength of the
concretewith bio-treatedMAwas only slightly improved compared
to the one with untreated MA. However, differently, the compres-
sive strength of CAC/T was about 20% higher than that of NAC,
though CAC/T and NAC had similar mass density and water ab-
sorption. CAC/T had a slightly higher E-modulus. To the knowledge
of the authors, the possible reason could be that the formed
biogenic CaCO3 not only had a good bonding with the oldmortar on
the aggregates (see the results from sonication attack), but also had
a good adhesion with the paste of the new concrete matrix. We
have found in previous research, that a biogenic CaCO3 layer
enhanced the bonding of repair mortar and concrete (Snoeck et al.,
2017). Due to this bond enhancement between aggregates and the
paste, the strength may have been improved. A more in-depth
study on the effect of bio-treated aggregates on concrete micro-
structure is needed in the next stage of the research.
5. Conclusions
Bio-deposition treatment is efﬁcient to improve the quality of
recycled aggregates (CA and MA), and provokes a water absorption
decrease and surface strengthening effect. The optimal treatment
strategy was to apply two subsequent immersions, in which sufﬁ-
cient amount of CaCO3 particles were formed (2% for CA and 2.5%
for MA) and the water absorptionwas decreased by one percentage
point for CA and two percentage points for MA. The biogenic CaCO3
has a strengthening effect on the surface of the aggregates, leading
to an improved resistance to fragmentation. The bio-deposition
treatment is more efﬁcient to treat materials with high porosity
and large pores.
The properties of concrete made with bio-treated CA were very
close or even slightly better than for concrete made with normal
aggregates, for the aspects of water absorption (related with
porosity), stiffness and compressive strength. Meanwhile, remark-
able improvement was also demonstrated for the concrete made
with bio-treated MA.Acknowledgements
Jianyun Wang is a postdoctoral fellow of the Research Founda-
tion Flanders. The ﬁnancial support from the Foundation is grate-
fully acknowledged. The authors also express their thanks to
Sandra De Buck for the help with SEM analysis.References
Afsar, J., 2012. Poisson's Ratio of Concrete j Possion's Ratio Limits. Opgehaald Van
Engineering Intro. http://www.engineeringintro.com/concrete/stress-strain-
relationship/poisons-ratio-of-concrete/.
Belgische Betongroepering, 2009. Betontechnologie. Belgische Betongroepering,
Brussel.
Boquet, E., Boronat, A., Ramoscor, A., 1973. Production of calcite (calcium-carbonate)
crystals by soil bacteria is a general phenomenon. Nature 246, 527e529. http://
dx.doi.org/10.1038/246527a0.
Chen, J.J., Thomas, J.J., Jennings, H.M., 2006. Decalciﬁcation shrinkage of cement
paste. Cem. Concr. Res. 36 (5), 801e809.
De Muynck, W., Cox, K., De Belie, N., Verstraete, W., 2008a. Bacterial carbonate
precipitation as an alternative surface treatment for concrete. Constr. Build.
Mater 22, 875e885.
De Muynck, W., Debrouwer, D., De Belie, N., Verstraete, W., 2008b. Bacterial car-
bonate precipitation improves the durability of cementitious materials. Cem.
Concr. Res. 38, 1005e1014.
De Muynck, W., Leuridan, S., Van Loo, D., Verbeken, K., Cnudde, V., De Belie, N.,
Verstraete, W., 2011. Inﬂuence of pore structure on the effectiveness of a
biogenic carbonate surface treatment for limestone conservation. Appl. Environ.
Microbiol. 77, 6808e6820.
EN 12620 A1, 2009. Aggregates for Concrete. AENOR, Madrid. Spain.
Gjorv, O.E., Sakai, K., 1999. Concrete Technology for a Sustainable Development in
the 21st Century. CRC Press, London, UK.
Grabiec, A.M., Klama, J., Zawal, D., Krupa, D., 2012. Modiﬁcation of recycled concrete
aggregate by calcium carbonate biodeposition. Constr. Build. Mater 34,
145e150.
Harimawan, A., Ting, Y.P., 2016. Investigation of extracellular polymeric substances
(EPS) properties of P. aeruginosa and B. subtilis and their role in bacterial
adhesion. Colloid. Surf. B 146, 459e467.
Kou, S.C., Poon, C.S., Etxeberria, M., 2011. Inﬂuence of recycled aggregates on long
term mechanical properties and pore size distribution of concrete. Cem. Concr.
Compos 33 (2), 286e291.
Kou, S.C., Poon, C.S., 2010. Properties of concrete prepared with PVA-impregnated
recycled concrete aggregates. Cem. Concr. Compos 32 (8), 649e654.
Ma, X.W., Han, Z.X., Li, X.Y., Meng, F.L., 2009. Thermal treatment of waste concrete
and the rehydration properties of the dehydrated cement paste. J. Qingdao
Technol. Univ. 30 (4), 93e97.
Montgomery, D., 1998. Workability and compressive strength properties of concrete
containing recycled concrete aggregate. In: Sustainable Construction: Use of
Recycled Concrete Aggregate-proceedings of the International Symposium Held
at Department of Trade and Industry Conference Centre. London, UK.
NBN B 15-001, 2012. Concrete e Speciﬁcation, Performance, Production and Con-
formity e National Supplement to NBN EN 206-1:2001 (Brussels, Belgium).
NBN EN 1097-2, 2010. Test for Mechanical and Physical Properties of Aggregates e
Part 2: Methods for the Determination of Resistance to Fragmentation (Brussels,
Belgium).
NBN EN 12350-5, 2009. Testing Fresh Concrete e Part 5: Flow Table Test (Brussels,
Belgium).
NBN EN 12390-2, 2009. Testing Hardened Concrete - Part 2: Making and Curing
Specimens for Strength Tests (Brussels, Belgium).
NBN EN 12390-3, 2009. Testing Hardened Concrete - Part 3: Compressive Strength
of Test Specimens (Brussels, Belgium).
Olympus. (sd). Elastic Modulus Measurement. Opgehaald van Olympus: http://
www.olympus-ims.com/en/applications/elastic-modulus-measurement/.
Ossa, A., García, J.L., Botero, E., 2016. Use of recycled construction and demolition
waste (CDW) aggregates: a sustainable alternative for the pavement con-
struction industry. J. Clean. Prod. 135, 379e386.
Qian, C., Wang, J., Wang, R., Cheng, L., 2009. Corrosion protection of cement-based
building materials by surface deposition of CaCO3 by Bacillus pasteurii. Mat. Sci.
Eng. C-BIO. S. 29, 1273e1280.
Qiu, J., Sheng, D., Yang, E., 2014. Surface treatment of recycled concrete aggregates
through microbial carbonate precipitation. Constr. Build. Mater. 57, 144e150.
Rao, A., Jha, K.N., Misra, S., 2007. Use of aggregates from recycled construction and
demolition waste in concrete. Resour. Conserv. Recycl 50 (1), 71e81.
Rodríguez, C., Parra, C., Casado, G., Minano, I., Albaladejo, F., Benito, F., Sanchez, I.,
2016. The incorporation of Construction and demolition wastes as recycled
mixed aggregates in non-structural concrete precast pieces. J. Clean. Prod. 127,
152e161.
Rodriguez-Navarro, C., Rodriguez-Gallego, M., Ben Chekroun, K., Gonzalez-
Munoz, M.T., 2003. Conservation of ornamental stone by Myxococcus xanthus-
induced carbonate biomineraliztion. Appl. Environ. Microb. 69 (4), 2182e2193.
Shi, C., Li, Y., Zhang, J., Li, W., Chong, L., Xie, Z., 2016. Performance enhancement of
recycled concrete aggregate e a review. J. Clean. Prod. 112, 466e472.
J. Wang et al. / Journal of Cleaner Production 156 (2017) 355e366366Snoeck, D., Wang, J., Bentz, D.P., De Belie, N., 2017. Bond enhancement of repair
mortar via biodeposition. In: International Conference on Advances in Con-
struction Materials and Systems. India, Chennai.
Spaeth, V., Djerbi Tegguer, A., 2014. Improvement of recycled concrete aggregate
properties by polymer treatments. Int. J. Sustain. Built Environ. 2 (2), 143e152.
Tam, V.W.Y., Tam, C.M., Le, K.N., 2007. Removal of cement mortar remains from
recycled aggregate using pre-soaking approaches. Resour. Conserv. Recycl 50
(1), 82e101.
Tateyashiki, H., Shima, H., Matsumoto, Y., Koga, Y., 2001. Properties of concrete with
high quality recycled aggregate by heat and rubbing method. Proc. JCI 23 (2),
61e66.
Thiery, M., Villain, G., Dangla, P., Platret, G., 2007. Investigation of the carbonationfront shape on cementitious materials: effects of the chemical kinetics. Cem.
Concr. Res. 37 (7), 1047e1058.
Wang, J., Van Tittelboom, K., De Belie, N., Verstraete, W., 2010. Potential of applying
bacteria to heal cracks in concrete. In: Proceedings of the Second International
Conference on Sustainable Construction Materials and Technologies. Italy:
Ancona, pp. 1807e1818.
Wang, J., 2013. Self-healing Concrete by Means of Immobilized Carbonate Precipi-
tating Bacteria. PhD thesis. Ghent University, Ghent, Belgium.
Wong, L.S., 2015. Microbial cementation of ureolytic bacteria from the genus Ba-
cillus: a review of the bacterial application on cement-based materials for
cleaner production. J. Clean. Prod. 93, 5e17.
